We demonstrate high performance coherent anti-Stokes Raman scattering (CARS) microscopy of live cells and tissues with user-variable spectral resolution and broad Raman tunability (2500 -4100 cm −1 ), using a femtosecond Ti:Sapphire pump and photonic crystal fiber output for the broadband synchronized Stokes pulse. Spectral chirp of the fs laser pulses was a user-variable parameter for optimization in a spectral focussing implementation of multimodal CARS microscopy. High signal-to-noise, high contrast multimodal imaging of live cells and tissues was achieved with pixel dwell times of 2-8 μs and low laser powers (< 30 mW total). 
Introduction
Coherent anti-Stokes Raman scattering (CARS) microscopy is a powerful imaging modality that continues to grow in significance due to its ability to provide label-free yet moleculespecific images of live cells and tissues [1, 2] . CARS microscopy is readily combined with other nonlinear imaging methods such as two-photon fluorescence (TPF) [3] , second harmonic generation (SHG) [4] , and third harmonic generation (THG) [5] , generating a multimodal CARS microscopy [6, 7] . A key feature of CARS microscopy is its ability to tune through Raman resonances, providing the molecule-specific dimension of vibrational spectroscopy and all its attendant benefits. This spectral advantage applies especially to live cells and tissue where the heterogeneous nature of the sample can make identification of components more difficult if using nonresonant signals alone. To date, most implementations of CARS microscopy are based on the use of a pair of transform-limited (TL) tuneable picosecond (ps) pulses, obtained either from electronically synchronized ps oscillators [8] or ps synchronously-pumped optical parametric oscillators (OPO) [9] . Some work has also been done using nanosecond lasers [10] . The high spectral resolution (∼5 cm −1 ) of these approaches permit microspectroscopic studies of spectral line shapes. The narrow linewidth of TL ps pulses ensures that the laser pulse linewidth falls within or matches the linewidth of the Raman band of interest, thereby enhancing the contrast of resonant over nonresonant (background) CARS signals [11] . This is especially important in the fingerprint region where the Raman bands can be narrow. CARS microscopy with ps laser pulses is equally successful at imaging the distributions of lipids and water within cells and tissues, even though the effective linewidths of these Raman bands are much greater (lipids ∼100 cm −1 , water ∼400 cm −1 ) than the 5 cm −1 TL resolution of ps laser pulses. Interestingly, this raises the question as to whether broader bandwidth femtosecond (fs) pulses might also be well suited to the CARS imaging of lipids or water. Furthermore, in multimodal CARS microscopy, the nonresonant TPF, SHG and THG signals clearly benefit from the use of shorter (fs) laser pulses. Therefore, depending on the nature of the problem, it may be useful to reconsider the use of fs laser pulses in CARS microscopy. This immediately raises the concern of the poor spectral resolution inherent to TL fs pulses. In nonlinear optics, however, there exist alternate methods for enhancing spectral resolution in CARS microscopy based upon the high degree of control over optical phase that is implicit in fs laser pulses ( [12] ). By far the simplest such optical phase control is that of a quadratic spectral phase variation; in other words, a linear variation of the frequencies within the pulse, called chirp. By controlling the degree of chirp, high spectral resolution can be obtained in nonlinear spectroscopy when using broad-band fs laser pulses [13, 14] . In CARS microscopy, this method is called spectral focussing and was shown [15] to achieve Raman spectral resolution quite comparable (∼8 cm −1 ) to that achieved with TL ps pulses. This method supports both spectral tuning and high contrast imaging, however, due to the use of an amplified laser system, neither rapid imaging nor broad spectral tuning are easily achievable. A different implementation of this technique was also recently demonstrated [16] . The use of chirped pump pulses combined with dispersed detection has also been demonstrated in multiplex CARS microscopy [17] .
Here we use the degree of linear chirp as a variable parameter to be optimized under user control so as to enhance both signals and contrast in high performance multimodal CARS microscopy. We show that the best performance (combination of signal and contrast) is obtained, as intuitively expected, when the effective laser linewidth at second order (i.e. the Raman resonance) matches the width of the Raman resonance under consideration. As Raman linewidths can vary considerably (e.g. ∼5-400 cm −1 ) with molecular species, the ability to easily tune the effective spectral width of the excitation pulses should be a useful tool to put in the hands of the user. Furthermore, in multimodal imaging, TPF, SHG and THG all benefit as the intensity of the excitation pulses increases (i.e. as pulse durations decrease). By placing the effective Raman spectral width under user control, it offers a choice between higher spectral resolution in CARS versus intensity in these other channels, allowing the user to achieve optimal performance imaging for a particular sample. In our implementation, we desired broad Raman tunability (∼2500-4100 cm −1 ) and therefore used a photonic crystal fiber (PCF) to generate the broadband synchronized Stokes light. Rapid tuning of the Raman resonance is simply obtained by varying the time delay between chirped pump and Stokes pulses, whereas the effective Raman resolution and signal level are controlled by varying the chirp of the two pulses. The approach we describe is general to all fs sources and can also be used, for example, with synchronized fs oscillators or a fs OPO. Overall, the optimally chirped system is a high performance, versatile multimodal CARS microscope allowing for microspectral imaging of live cells and tissues. We provide sample illustrations of this capability by imaging myelin in rat dorsal nerves, an atherosclerotic arterial sample (rabbit aorta), and by monitoring lipid traf-ficking in live human hepatocytes (liver cells). In the following, we first discuss from a theory point of view the motivation for the optimally chirped spectral focussing approach and suggest some operating parameters. We then describe the technical implementation and performance calibration of our multimodal CARS microscope. Finally, we apply this system to imaging in cells and tissues and provide representative images and video.
Theory
Prior modeling of CARS microscopy, based on measurements of polystyrene beads, showed that high contrast of resonant over nonresonant CARS signals requires a narrow (ps pulse) spectral width [11] . In the following, we consider more generally the implications of the pulse duration (spectral resolution) for a broad range of Raman bandshapes, anticipating that broader Raman linewidths (e.g. lipid, water) will benefit from the use of shorter (e.g. fs) pulses. Following reference [11] , we calculate the CARS polarization. In order to make direct comparisons, we used the same parameters: a Raman shift of 1601 cm −1 with a pump center frequency of 13330 cm −1 and a Stokes center frequency of 11731 cm −1 . Using a Raman linewidth of 9.2 cm −1 (as in [11] ), the previous results were quantitatively reproduced. To investigate the situation for other Raman modes, two other linewidths were also considered, one of 100 cm −1 corresponding to the effective resonance width of C-H stretch of lipid droplets in cells and one of 400 cm −1 corresponding to the linewidth of the O-H stretch in water. The nonresonant χ (3) signal was set to be four times larger than the peak of the resonant signal. The intensities from the resonant and nonresonant contributions to χ (3) were calculated separately. In Fig. 1(a) calculated resonant and nonresonant signals are shown as a function of pulse duration for different Raman resonances. As expected, using pulses of spectral width much larger than the Raman linewidth of interest leads to almost no gain in resonant signal (I r ), whereas the nonresonant signal (I nr ) only continues to increase, leading to poorer contrast. While not shown here but in agreement with previous work, the contrast continuously increases as the spectral pulse width decreases. However, the increase in contrast is at the expense of the magnitude of the resonant signal. Having high contrast but poor signals is of little value to users. Conversely, having large signals but poor contrast is also of little value. To this end, we define a parameter, the performance P f , which takes into account both contrast and signal levels. We define P f to be the contrast (I r /I nr ) multiplied by the resonant signal I r . This is plotted in Fig. 1(b) where it is clear, as intuitively expected, that optimal performance P f is achieved when the excitation pulse spectral width is equal to the Raman linewidth of interest. In particular, for lipids, the spectral linewidth should be 100 cm −1 , corresponding to a TL temporal pulse width of 173 fs FWHM, and for water the spectral width of the pulse should be 400 cm −1 , corresponding to a TL pulse of 43 fs FWHM. Note that the spectral resolution of the CARS process is given by (Δ 2 p + Δ 2 s ) 0.5 which implies that optimal performance is achieved when the spectral resolution is larger than the linewidth of interest.
Inspection of Fig. 1 (a) suggests the nonresonant signal would overwhelm the resonant signal in almost all cases. The values used for the relative strength of the resonant and nonresonant χ (3) and Raman linewidth in [11] are empirical values based on CARS measurements (calculated using the method of [18] ). In order to determine those values for other Raman modes, explicit measurements of the contrast ratio in the microscope were performed, in our case for lipid imaging. This was done in two ways, as shown in Fig. 2 . First, the total CARS signal was measured as the focus of the microscope objective was scanned from the glass coverslip (nonresonant signal only) to a drop of octadecene oil (strong resonant plus nonresonant signal). As seen in Fig. 2(a) , the resonant signal from the oil is much larger than the nonresonant signal from the glass. To alleviate concern that this is due to a change in the nonresonant χ (3) on going from glass to oil or a change in focussing conditions due to the change of medium, a The performance P f , the contrast ratio I r /I nr multiplied by the absolute signal level I r , is shown as a function of pulse spectral width. It can be seen that P f peaks when the spectral width of the pump and Stokes matches the linewidth of the Raman mode being probed. spectral scan of octadecene (using a method discussed below) was performed. As seen in Fig.  2(b) , the ratio of resonant signal to nonresonant background is again very large and consistent with that implied by Fig. 2(a) . Specifically, these measurements self consistently yield a contrast ratio of 40:1 when using 40 cm −1 spectral width resolution. It is therefore likely that the calculations have overestimated the nonresonant signal in the lipid region by a significant amount. This seems consistent with observation of high quality CARS images in many laboratories. The above discussion suggests that we should consider optimizing the spectral pulse width when CARS imaging molecules having very different Raman linewidths.
It is in practice difficult to tune the TL laser spectral (or temporal) width of a given laser oscillator over a large range (e.g. 50 fs to 5 ps). This is even more challenging for the case of CARS where it would be necessary to simultaneously tune the spectral widths of two independently tuneable lasers, without introducing any relative timing or pointing changes. However, this problem can be readily overcome by spectral focussing of chirped pulses. We elaborate this point by considering resonant CARS signals, using the same model for the electric fields as above but now introducing linear chirp. We examine the first two steps of the CARS process since the CARS resonance is at second order. The pump-Stokes interaction for unchirped pulses is given by:
where E j , Δ j and ω j (j given by p for the pump, s for the Stokes) are the magnitude, spectral width and center frequency of the respective pulses. In the case of chirped pulses, the pumpStokes interaction is given by: 
where a and b are the chirp parameter of the pump and Stokes pulses respectively. If we assume that the pump and Stokes pulses have the same spectral bandwidth (Δ p = Δ s ) and chirp parameter (a = b), the chirped pulse expression simplifies considerably:
Comparing the chirped with the unchirped case, we find that the former is mathematically identical to the case of a much narrower effective spectral width. This effective width is given by:
For the CARS process at second order, this means that chirping large spectral bandwidth (fs) pulses is equivalent to using longer duration (ps) TL pulses of the same pulse energy. As the maximal spectral width is limited by the laser source itself, fs laser pulses (having large spectral bandwidths) provide a flexible CARS laser source since, with sufficient chirp, they can be made to behave like any pulse (fs to ps) having a narrower spectral width.
Materials and methods
A depiction of the optical arrangement is given in Fig. 3 . A Spectra Physics Tsunami Ti:Sapphire laser system produced pulses of 60 fs at 80 MHz with 550 mW total average power. In most cases the laser was operated at a center wavelength of 800 nm. A Faraday isolator was used to avoid back reflections into the laser. The pulse train was sent through a prism compressor optimized for shortest pulse duration at the input to the PCF. The Ti:Sa beam was split by a 50:50 beam splitter into a pump and Stokes arm. The pump proceeded to the sample via a variable time delay stage and its average power was controlled by a variable neutral-density filter. The remaining 250 mW of power was directed to a PCF (NL-1.4.775-945, Crystal Fiber) which was previously shown to generate pulses in the near infrared [19] . The fiber also generated light in the visible which was filtered before the Stokes and pump were recombined. Typical powers before the microscope scan head were 12 mW in the Stokes and, depending on the sample, 40 to 150 mW in the pump. To control the chirp in the simplest possible way, we used fixed length blocks of glass: one 3 cm block of SF6 glass was placed in the pump arm and a 5 cm block of SF6 glass was placed in the Stokes arm to achieve nearly matched chirps. It is straight forward to implement an optical scheme wherein the degree of pulse chirp is continuously variable, such as by making use of prism or grating based zero dispersion line. This should permit continuous tuning of the effective CARS spectral resolution from ∼ 5 -400 cm −1 . The power in the Stokes arm dropped to about 7 mW with the glass in place while the power in the pump remained unchanged (the glass blocks were AR coated for 800 nm). Note that these powers were attenuated by about a factor of ∼2 through the microscope system before reaching the back aperture of the objective.
All imaging was performed on a modified Olympus Fluoview 300 (FV300) laser scanning system and IX71 inverted microscope. A 40X 1.15 NA UAPO water immersion lens with a cover slip correction collar was used as the objective and a 0.55 NA long working distance condenser lens for collection in the forward direction. The efficiency of collection in this configuration was insensitive to small adjustments of the focus of the collecting lens. Fluorescence signal was collected through the objective lens (epi-detection). A 400 -700 nm filter (E700sp, Chroma Technology Vermont USA) was used to discriminate TPF, SHG, sum frequency generation (SFG) and anti-Stokes signals from the pump and Stokes beams. To discriminate forward propagating second-harmonic and CARS signals, additional band-pass filters were used. For imaging, light was directed to photomultiplier tubes (PMT) with enhanced red sensitivity (Hamamatsu R3896).
For myelin imaging, freshly excised rat dorsal root nerves were fixed in isotonic buffer containing 4% paraformaldehyde. The axon fibers were imaged while immersed in isotonic buffer between two cover slips using cut pieces of cover-slips as spacers (approximately 0.17 mm thickness). For multimodal imaging, aorta sections from 6 month old WHHLMI (Watanabe heritable hyperlipidemic myocardial infarction) rabbit strain [20] were prepared by fixing in 4% paraformaldehyde in phosphate buffered saline. Human Hepatoma cell line HuH-7 was grown in Dulbecco's modified Eagles medium (DMEM) supplemented with 100 nM nonessential amino acids, 50U/ml penicillin 50 μg/ml streptomycin and 10 percent fetal bovine serum. Methanol used as test samples was reagent grade. Fig. 3 . Multimodal CARS microscopy optical arrangement. Pulses from the Ti:Sa oscillator are sent through a Faraday isolator (FI) followed by a prism compressor. A 50:50 beam splitter (BS) divided the incoming light. One arm was sent through a photonic crystal fiber (PCF) and bandpass filter (BP) before being recombined on a dichroic mirror (DM). The other half was sent through a time delay arm that included a neutral density filter (ND). In both the pump and Stokes paths, glass (SF6) could be added to control the chirp. The recombined beam was sent into the FV300 microscope. Inside the FV300, there were more dichroic mirrors and filters to separate the signals from the excitation light. Note that the epi-detected fluorescence signals were collected inside the microscope.
Results
In practice, the spectral pulse width of the pump and Stokes are not identical as was assumed in the discussion of the theory of chirped pulse CARS above. In our case, the Stokes spectrum from the PCF is much broader than the pump spectrum. The unused Stokes spectrum does not contribute to CARS signal generation, nor does it negatively impact cell viability: the Stokes power is significantly lower than the pump and is further to the infrared where absorption is significantly lower. In fact, the broad spectrum of the Stokes can be used to our advantage. Since the pulses are chirped, changing the time delay between the pump and Stokes pulses changes the instantaneous difference frequency and therefore the Raman mode being probed. This is illustrated in Fig. 4 where the instantaneous frequency of the pulses is plotted as a function of time. In Fig. 4(a) we show the case where the pump and Stokes pulses have unmatched chirp, resulting in poor spectral resolution ΔΩ. In Fig. 4(b) we show the case where the pulses have matched chirp. Here the frequency difference between the pulses is constant giving enhanced spectral resolution ΔΩ. Changing the time delay between the pulses changes frequency difference and thus the Raman mode probed Ω 1 , Ω 2 . This gives a simple rapid method of scanning across the Raman modes of the sample.
Using different chirp conditions (no glass, or 3 cm SF6 in the pump arm and 5 cm SF6 in the Stokes arm giving nearly matched chirp), CARS spectra of liquid methanol were taken using the FV300, the results being shown in Fig. 5 . In the case of no glass, there is still some residual, yet unmatched chirp, due to the microscope internal optics and the objective. As can be seen by comparing the methanol spectra, increasing the pulse chirp improves spectral resolution. When the pump and Stokes are chirped, the two peaks of methanol around 2835 and 2944 cm −1 [21] are better resolved and can be clearly distinguished. The FWHM of the methanol 2835 cm −1 band is ∼25 cm −1 [22] , allowing a crude estimate of the spectral resolution. With the two blocks of glass in place, the measured FWHM of the band is ∼65 cm −1 indicating a spectral resolution of 60 cm −1 . When the pulses were chirped using the blocks of glass, the CARS signal levels dropped slightly, but not as quickly as did the SHG and TPF signals. This Fig. 4 . Time-frequency plots showing the pump and Stokes pulses as ellipses in (ω,t) space. In this representation, transform limited pulses have vertical major axes whereas those of chirped pulses are tilted. The instantaneous bandwidth is determined by measuring the height of an ellipse at any instant of time. In CARS, the spectral resolution is set by the first two photon interactions and, in this representation, the spectral resolution ΔΩ is determined by the total height of the ellipse ω p − ω s . (a) Pulses having unmatched chirps and large instantaneous bandwidths. Here, the spectral resolution ΔΩ is poor because the instantaneous bandwidth is large and the difference between the pump and Stokes is changing as a function of time. (b) Chirp matched pulses with narrow instantaneous bandwidths. Here the spectral resolution ΔΩ is improved because the instantaneous bandwidths of both the pump and Stokes are narrower and the frequency difference between the pump and Stokes is nearly constant. It is seen that changing the time delay between pump and Stokes scans the instantaneous difference frequency, corresponding to different Raman modes being probed (Ω 1 , Ω 2 ). Fig. 5 . FV300 CARS spectrum of methanol obtained by scanning the time delay between the pump and Stokes pulses. One curve (dashed) was obtained with near transform limited pulses having large instantaneous bandwidths and unmatched chirps (corresponding to Fig.  4(a) ). The second curve (solid) was obtained with pulses that were nearly chirp matched and narrow instantaneous bandwidths (corresponding to Fig. 4(b) ). As expected, varying the chirp and ensuring matched chirp rates improves the spectral resolution. In this case, the spectral resolution varied from >160 cm −1 to <60 cm −1 . is expected since the resonant CARS signal should only drop significantly when the effective pulse spectral width is less than the Raman linewidth (see Fig. 1(a) , whereas SHG and TPF signals fall as the intensity is reduced).
In Fig. 6 we show measurements of rat spinal nerves, demonstrating the capability of using this system for CARS tissue imaging. The spinal nerves are approximately 300 μm in diameter and consist of bundles of roughly 100 myelinated axons, each about 15 μm diameter. The effective depth of field of the CARS signal was ∼1.5 μm, necessary in order to see details in this tissue. The pixel intensity profile of the indicated line is shown, demonstrating the contrast achieved. It is clear that the signal intensity from the myelin is at least 60 fold greater than that from the axon and that fine detail in the myelin structure is clearly visible. In work not presented here, the spectral response of the myelin was measured, clearly demonstrating that the signals observed were solely due to Raman resonant enhancement, rather than changes in the nonresonant χ (3) .
In Fig. 7 we show an atherosclerotic lesion from a rabbit aorta which was used as a test Fig. 7 . Multimodal CARS microscopy of rabbit aorta. A 50 micron thick section of aorta was tangentially cut to the lumenal side and imaged for lipids (CARS -red) collagen (second harmonic -blue) and smooth muscle elastin (fluorescence -green). All three signals are endogenous to the sample. The CARS and SHG were collected in the forward direction whereas the TPF was collected in the epi-direction. This image is a z-projection of a 50 image data set of a 3D scan through the sample (images set 1 μm apart). The scale bar is 50 μm. The pixel dwell time was 8 μs.
sample for label free multimodal imaging. A 50 μm section of aorta tangential cut to the lumenal side was imaged showing lipids (CARS -red), collagen (SHG -blue) and smooth muscle elastin (TPF -green). It should be noted that all three signals are endogenous to the sample and no dyes or stains were added to enhance contrast. These images were taken without the additional SF6 glass in place because high spectral resolution was not required, while the higher intensity allowed deeper penetration into the tissue (for pulses of constant energy, maximum intensity allows maximum depth penetration). The image is a projection of a 50 image data set recorded along the axial direction (1 μm interval between images). An extensive network of collagen surrounds the lipid rich tissues, suggesting a stage V or later, type lesion [23] .
Discussion
For high performance imaging (512 x 512 pixels), a CARS laser system must be stable on a broad range of time scales. For our modified FV300, pixel dwell time ranged from 2-50 μs.
Line scanning time scales were from 1-25 ms, while the acquisition of a whole image ranged from 1-30 s. We find that the laser source described here is stable on all these time scales. This system is therefore quite useful for imaging live cells and tissue for samples which are adversely affected by irradiation: any laser source requiring increased pixel dwell time and/or frame averaging to overcome source noise cannot be considered practical. It should be noted that while most imaging work in this paper used a pixel dwell time of 8 μs, we routinely used 2 μs for alignment and for the imaging of live cells. To test long term stability, we acquired a one hour long time-course movie of live human liver cells (HuH 7 cells), with images taken every fifteen seconds. Images from the beginning and end of the time course can be seen in Fig. 8 and the entire video is available online as supplementary material. The video demonstrates that our CARS laser source is stable on all time scales relevant to live cell microscopy. Having a constant frequency difference between the pump and Stokes pulses at the sample permits the mapping of CARS resonances onto the position of a delay stage that controls the time delay of the pump relative to the Stokes pulse. Our system permits tuning of the resonant Raman frequency from 2500 cm −1 to 4100 cm −1 , with 60 cm −1 (or better) spectral resolution. This includes the regions of the C-H stretch of lipids and the O-H stretch of water. Note that the PCF is capable of producing similar output when pumped with longer wavelengths, so that the C-D Raman mode at ∼2100 cm −1 or even the fingerprint region below 1600 cm −1 should be accessible by tuning the Ti:sapphire oscillator to 900 nm [24] . Conveniently, these spectral regions (O-H, C-H, C-D, and the top of the fingerprint region) are well separated from each other, making it feasible to tune amongst these bands.
When imaging deep in tissue samples, the increased scattering and absorption losses incurred by all signals leads to a case where the use of shorter pulses to increase signal from SHG and TPF is more important than the reduction of CARS spectral resolution. The ability to routinely balance the CARS resolution versus signal from other nonlinear optical processes for a given sample is only available when using chirped fs pulses. Given the significantly increased versatility of fs pulses, it is likely that fs sources will be used with increasing frequency for CARS microscopy. While the PCF based setup offers a simple, single laser source for CARS microscopy, the ideas presented here on optimal performance and use of pulse chirp are applicable to any fs system. Relevant examples include the use of two synchronized fs lasers or fs OPOs. Either of these sources could equally benefit from the use of tunable pulse chirp to achieve optimal performance.
Conclusion
We have presented a spectral focussing implementation of live cell CARS microscopy wherein the degree of linear chirp is considered an active variable. The best compromise between contrast and absolute signal levels for CARS microscopy is achieved when the effective pump and Stokes pulses spectral widths matches the Raman linewidth of interest. This condition can be achieved by using chirped fs pulses with careful control over the pulse chirp. By using chirp as a control parameter, the microscope user can choose to optimize contrast in CARS imaging or enhance signals in various nonlinear optical processes (e.g. CARS, TPF, SHG, THG, etc.) in a multimodal microscope. Finally, as shown here, we note that if one of the pulses has a much broader spectrum than the other, it is possible to perform rapid multiplex CARS imaging by simply scanning the time delay between the pump and Stokes, obviating the need to tune any lasers. The images and video presented here demonstrate that this approach leads to a practical, yet high performance multimodal CARS microscope.
